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Abstract We have developed a new process to produce ultra-thin crystalline silicon films with thicknesses
in the range of 0.1—1 pum on flexible substrates. A crystalline silicon wafer was cleaned by SiF4 plasma
exposure and without breaking vacuum, an epitaxial film was grown from SiF4, H2 and Ar gas mixtures
at low substrate temperature (Tyu, ~ 200 °C) in a standard RF PECVD reactor. We found that Ha
dilution is a key parameter for the growth of high quality epitaxial films and modification of the structural
composition of the interface with the c-Si wafer, allowing one to switch from a smooth interface at low
hydrogen flow rates to a fragile one, composed of hydrogen-rich micro-cavities, at high hydrogen flow rates.
This feature can be advantageously used to separate the epitaxial film from the crystalline Si wafer. As a
example demonstration, we show that by depositing a metal film followed by a spin-coated polyimide layer
and applying a moderate thermal treatment to the stack, the fragile interface breaks down and allows one
to obtain an ultrathin crystalline wafer on the flexible polyimide support.

1 Introduction

Over the past twenty years, considerable efforts have
been devoted to producing thin crystalline silicon films
for micro-electronics and photovoltaic applications. The
main motivation remains a reduction of the necessary
amount of high grade crystalline silicon (¢-Si) and there-
fore a reduction of device fabrication costs. For instance,
very high efficiencies in heterojunction solar cells have
been demonstrated (17—22%), fabricated on thin ¢-Si sub-
strates (50—100 pm) [1,2] and so the goal of further reduc-
ing the ¢-Si wafer thickness is still a strong driving force
for cost reduction.

Various approaches have been used to produce low-
cost ultra-thin c-Si wafers; however, some of them involve
high temperature steps (increasing the fabrication cost).
Some of the most reliable approaches are: (i) cutting thin
wafers and thinning them down by chemical mechanical
polishing; (ii) growing thin ¢-Si films by LPCVD on a
seed layer; (iii) annealing macroporous arrays formed on
a crystalline silicon wafer (also referred to as silicon on
nothing [3,4]); and (iv) the “smart cut” [5-7] and ion
cutting porcesses [8-12].

Smart cut and ion cutting processes are proven meth-
ods to transfer a thin silicon film from a wafer to another
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substrate, which generally is a second wafer, in which a
thin SiOq film has been deposited (to form a silicon on in-
sulator wafer). Those techniques employ HT ion implanta-
tion in a c-Si wafer (at doses between 10*6—10'7 H/cm?)
in order to create defects (micro-cavities) at some depth
from the wafer surface. In this way, it is possible to form
a very thin ¢-Si film (0.3—1 pum) separated from the thick
wafer by a highly defective and therefore weak layer. A hy-
drophilic wafer bonding is performed with a second wafer
and thermal processes are applied (at 650—1000 °C) in
order to transfer the thin ¢-Si film from the thick wafer
to the receptor substrate and to strengthen the chemical
bonds.

Another approach to obtaining thin c-Si films for PV
applications [13, 14] consists of producing a porous film
(1 pm thick) on the surface of a c-Si wafer by electro-
chemical anodisation in a HF solution. An annealing is
made at high temperature (1000 °C) for densification of
the porous film and an epitaxial layer (~50 pm thick) is
deposited by Liquid Phase Epitaxy (LPE) [13] and Vapor
Phase Epitaxy (VPE) [14]. Finally the epitaxial layer is
waxed to a glass substrate and is removed from the c¢-Si
wafer by an immersion in a wet solution.

The disadvantages of these processes are the large
number of steps involved, the high temperatures used
(~1000 °C), the necessity of a second substrate, the wet
chemical steps involved and the fact that HT implanta-
tion LPE and VPE are not standard techniques in a PV
factory.
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We have studied an alternative method to produce low-
cost ultra-thin c-Si films without the necessity of using wet
chemical steps, a second wafer, HT implantation, LPE or
VPE. We have developed a completely dry process to etch
the native oxide from a c-Si wafer using a SiFy4 plasma in
a standard PECVD reactor [15], and immediately without
breaking the vacuum, to grow an epitaxial silicon film at
low substrate temperature (~200 °C) from a Hy, SiF4, and
Ar gas mixture.

We present a systematic study on the effect of Hy di-
lution on the quality of the epitaxial Si films as well as on
the quality of the interface with the c-Si wafer. We found
that by optimizing the Hy gas flow rate it is possible to
obtain very highly crystalline films, and moreover, to con-
trol the interface quality from a smooth one to a highly
defective interface, mainly composed of micro-cavities.

Finally, we developed a simple process to remove the
epitaxial film from the c-Si wafer, which consists of the de-
position of a thin metal layer plus polyimide over the epi-
taxial film, followed by a thermal annealing treatment
(at ~450 °C). As a consequence the stack composed of
polyimide/metal/epitaxial film is separated from the c-Si
wafer, resulting in a thin film of ¢-Si on a flexible substrate
which functions as a mechanical support.

2 Experiments

The system used for the epitaxial growth is a standard
capacitively coupled RF glow discharge PECVD reactor,
and the substrates used were (100) FZ n-type double side
polished c¢-Si wafers of resistivity 1—5 €2 cm. The processes
were performed at a substrate temperature of 200 °C. Af-
ter loading the wafers in the reactor and attaining a base
pressure of 1 x 1076 mbar, the native oxide on the c-Si
wafers was removed through exposure to a SiF4 plasma
for 5 minutes, with the following optimized conditions: an
RF power of 0.1 W/cm? and pressure of 30 mTorr. Im-
mediately after this step, and without breaking the vac-
uum, the epitaxial film was grown from a SiF4, Ar and Hy
gas mixture for 10 minutes, with a RF power density of
0.5 W/cm? and a total pressure of 2.2 Torr. Hy dilution
was studied in order to observe its effect on the epitaxial
film crystallinity, and therefore the Hy /SiF, gas ratio was
varied in a wide range from 0.33 to 20 (SiF4 = 3 sccm,
while Hy = 1—60 sssm).

High Ar dilution (Ar = 80 sccm) was used to in-
crease the SiFy gas dissociation and consequently the
growth rate. It has been demonstrated in our previous
work [16,17], that Ar improves the dissociation in both
SiF4 and SiH4 plasmas, and therefore stimulates nanocrys-
tal growth in the plasma. The improvement of the crys-
talline structure is related to the enhancement of the
contribution of nanocrystals to the film growth. Also, it
has been experimentally observed that higher large grain
fractions [16] are present in uc-Si films deposited from
SiF4+Ar+H, than in those deposited from SiH4+Ar+Ho.

It has been demonstrated that in-situ spectroscopic
UV-Visible ellipsometry is an excellent tool to character-
ize the composition of thin films such as microcrystalline

silicon [16-19]. An in-situ UV-Visible spectroscopic ellip-
someter (Jobin Yvon - MWR UVISEL) was used to mea-
sure the imaginary part of the pseudo-dielectric function
(Im[e]) of the epitaxial films deposited on the ¢-Si wafer
at various stages of the process. We used this technique to
optimize the plasma cleaning conditions and as well the
epitaxial silicon film growth. The thickness of the layers
and their composition were determined by modeling the
ellipsometry data using the Bruggemann effective medium
approximation [16-19].

In order to study the chemical composition of the films,
particularly of the interface layer, we performed Secondary
TIon Mass Spectroscopy (SIMS) analysis of some sam-
ples. Moreover, a quadrupole mass spectrometer (QMS
PRISMA 80) was used to measure the hydrogen effus-
ing from the samples when submitted to an annealing
in an oven under high vacuum (~10~" mbar). The ther-
mal ramp used was 10 °C/min from room temperature up
to 800 °C.

A procedure to remove the epitaxial layer from the c-Si
wafer was developed, which consists of depositing a thin
film of chromium (150 nm thick) on the epitaxial layer
by thermal evaporation, followed by the spin coating of a
polyimide film and a curing step at 280 °C. The sample
is then annealed for half an hour at 450 °C under vac-
uum (~107° mbar). This annealing step is sufficient to
fragilize the porous interface layer and to delaminate the
polyimide/Cr/epitaxial layer from the crystalline silicon
wafer. The polyimide provides a good mechanical support
for the epitaxial film. Finally, Raman spectroscopy was
used to analyze the crystallinity of the epitaxial films on
the foreign substrate.

3 Results and discussion
3.1 Epitaxial films

We measured in-situ the imaginary part of the pseudo-
dielectric function Im[e] of ¢-Si in the energy range of
1.5—4.7 eV, before plasma cleaning, after native SiOg
etching, and after the growth of the epitaxial films with
various Hy flow rates. Figure 1 shows Im[e] of four selected
samples: (1) ¢-Si with native SiOg; (2) ¢-Si after the na-
tive SiO9 plasma etching; (3) epitaxial-Si film growth with
SiF4/Hga = 3/1 scem; and (4) epitaxial-Si film growth with
SiF4/Hy = 3/3 sccm (in cases 3 and 4 Ar = 80 sccm).

As one can see in Figure 1, when the native SiOq is
present on the c-Si surface, the intensity of Im[e] at 4.2 eV
(E2) has an amplitude around Ey ~ 36, but it increases
to Ey =~ 43 when the native SiOs is etched by the SiFy
plasma. After the deposition of an epitaxial film at low Hs
flow rate (Ha = 1 sccm), one can see that the Im[e] spec-
trum has the same shape as that of the bare c-Si wafer,
suggesting that the deposited film has the same struc-
tural composition and quality as the ¢-Si wafer (this is
corroborated from the modeling of the Im[e] spectrum).
However, when the Hy flow rate is increased up to 3 scem,
interference fringes appear in the Im[e]. These interfer-
ence fringes, in the energy range from 1.5—3 eV, provide
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Fig. 1. (Color online) Imaginary part of the pseudo-dielectric
function Im[e] of different samples: ¢-Si with native SiO2, ¢-Si
after native SiO2 etching, and epitaxial-Si films grown with
hydrogen flow rates of 1 sccm and 3 sccm. The inset shows the
optical model used to analyze the epitaxial films.

a signature of the formation of a porous interface between
the ¢-Si wafer and the epitaxial layer. This is illustrated
by the insert of Figure 1, showing the optical model used
to fit the experimental data. As one can see, the film is
generally composed of 3 layers:

(i) A thin interface layer between the epitaxial film and
the ¢-Si substrate composed of monocrystalline sili-
con (c-Si) and voids [20], of thickness in the range of
0—90 A (depending on Hy dilution).

A bulk layer of thickness in the range of 900—1700 A
(the deposition time for all the films were 10 minutes,
however, as shown below, the deposition rate depends
on the hydrogen flow rate). The layer is composed of
a mono crystalline silicon (¢-Si) fraction, a large grain
(LG) fraction and a small grain (SG) fraction. The
small grains have a size in the range of 1—10 nm,
while the large grains have a size in the range of
10—100 nm.

A surface roughness characterized by a thin layer
composed of a large grain (LG) fraction, a small grain
(SG) fraction and SiOq. The thickness of the surface
roughness layer is in the range of 0—50 A (depending
on the Hy dilution). The SiO; fraction in the surface
layers may be related to a small amount of oxygen in
the deposition chamber.

(i)

(iii)

The results of modeling the ellipsometric spectra of a se-
ries of films grown with a wide range of Hy flow rates
(1—60 sccm) are shown in Figure 2. Figure 2a shows the
deposition rate and composition of the bulk epitaxial lay-
ers as a function of Hy flow rate. At low Hy flow rate
(Hy = 1 sccm) the deposition rate is around 2 A /s, how-
ever when Hs flow rate increases, the deposition rate also
increases, with a maximum close to 3 A/s (when SiF, =
Hs = 3 sccm). Further increase in Hy flow rate resulted
in a decrease of the deposition rate. In Figure 2a we can
also see that the bulk layer has a high mono crystalline
fraction (c-Si) of 80—95%, a small grain (SG) fraction of
5—20% and large grain (LG) fraction of 1—5%.
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Fig. 2. (Color online) Results of modeling the ellipsometry
spectra of the epitaxial films grown from SiF4-Ar — Hy mixtures
as a function of the hydrogen flow rate, showing (a) the deposi-
tion rate and composition of the bulk, the thickness and com-
position of (b) the interface and (c) surface roughness layers.

Interestingly, the highest monocrystalline fraction
(c-Si ~ 95%) was obtained for the film deposited at the
highest deposition rate. We believe that there is a strong
relationship between the deposition rate and the crys-
tallinity of a film. For certain deposition conditions, there
is a greater dissociation of the gaseous species, improv-
ing the deposition rate. At higher deposition rate, oxygen
incorporation in the film is reduced, and the film crys-
tallinity improved.

Figure 2b shows the thickness of the interface layer as
a function of Hy flow rate. At low Hy flow rate (Hy =
1 scem) there is no interface layer. However when the Hy
flow rate increases, an interface layer appears and reaches
a maximum in thickness (~85 A) when Hy = 10 sccm. A
further increase in Hy dilution results in a decrease of the
layer thickness. The reason for such behavior may result
from a trade off between deposition rate and the hydrogen
desorption from the growing film [21]. In Figure 2b also is
shown the structural composition of the interface layer as
a function of Hy flow rate. As one can see, the interface
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Fig. 3. (Color online) Hydrogen depth profiles measured by
SIMS for epitaxial films grown with 1, 3 and 10 sccm of hydro-
gen in the SiF4-Ar-Hs gas mixture.

layer is mainly composed of voids (around 80%) and a
small amount of ¢-Si (around 20%).

Figure 2c shows the surface roughness of the epitax-
ial films as a function of the Hy dilution. It is clear that
the roughness of the films increases with the Hy flow rate
from ~9 A (at Hy = 1 sccm) to ~45 A (at Hy = 60 scem).
This increase in surface roughness can be related to the
enhanced etching at high hydrogen flow rates. The struc-
tural composition of the surface roughness layer is also
shown in the figure, where one can see that the SiOs frac-
tion is almost independent of the Hy flow rate.

To support the ellipsometry results indicating the pres-
ence of an interface layer, SIMS analysis were performed
on the epitaxial films. Figure 3 shows the hydrogen depth
profiles for the films deposited with 1, 3 and 10 sccm
of hydrogen. The results show that the increase in hy-
drogen flow rate during deposition results in an increase
of the hydrogen incorporated in the epitaxial films (from
6 x 10'® cm™2 for the film deposited with 1 sccm of Ha
up to 3 x 10* cm ™ for the film deposited with 10 sccm
of Hs), thus suggesting a better crystallinity at 1 sccm.
Moreover a strong accumulation of hydrogen is observed
at the interface between the epitaxial film and the crys-
talline substrate, with a broader peak for the samples de-
posited with 3 and 10 sccm, which is consistent with the
thicker interface layer deduced from the ellipsometry mea-
surements (see Fig. 2b).

Further support for the presence of a porous and hy-
drogen rich interface layer is given by the exodiffusion
spectra shown in Figure 4. The spectra have been nor-
malized with respect to the volume of the films in order
to provide a relative comparison of the hydrogen desorbed.
As one can see, the film grown with the smallest Ho flow
rate (Hz = 1 sccm) shows the lowest integrated area of
the curve, which indicates that the amount of Hy is small.
However, when the Hy flow rate used for the deposition of
the films is increased, the integrated area of the exodiffu-
sion spectra increases as well and reaches a maximum for
a Hy flow rate of 10 sccm. A further increase in the Hy flow
rate results in a decrease of the integrated area. The dif-
ference in the effusing molecular Hy from the films can be
correlated to the presence of Hy trapped at the interface,
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Fig. 4. (Color online) Hydrogen partial pressure measured
by mass spectrometry for epitaxial layers grown with various
hydrogen flow rates as a function of the annealing temperature.
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Fig. 5. (Color online) Dependence of the epitaxial film thick-
ness and monocrystalline fraction on the deposition time.

in agreement with the SIMS results (Fig. 3). Note that
the spectra of the different samples have a peak at differ-
ent annealing temperatures, which is probably related to
the structural composition of the films bulk (crystalline
fraction) and interface layer composition [22,23]. While
a detailed analysis of these spectra is out of the scope
of this paper, these results are coherent with the strong
differences in the hydrogen accumulation at the interface,
as suggested by the modelling of the ellipsometry spectra
and the SIMS measurements.

The above results demonstrate that epitaxial films
with different quality of interface layer can be produced
for thicknesses up to 200 nm. However, for solar cell ap-
plications, thicker films are required. Therefore, in order
to observe any dependence of the monocrystalline fraction
of the epitaxial films on the layer thickness or deposition
time, various epitaxial films were deposited for deposition
times ranging from 10 to 90 minutes. Figure 5 shows that
the mono crystalline fraction of the films is practically in-
dependent of the deposition time (and thickness) of the
epitaxial films. A deposition of 10 minutes will result on
a film of 1500 A, corresponding to a deposition rate of
2.5 A /s with a mono c-Si fraction of around 90%; while a
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deposition of 90 minutes will result on a film of 1.1 um,
corresponding to a deposition rate of 2 A/s, with a mono
¢-Si fraction of around 92%. From the above result we
conclude that is possible to growth thicker epitaxial films,
without a loss of crystalline fraction.

3.2 Ultra-thin crystalline silicon film fabrication

The above results have shown that we can grow epi-
taxial films at low substrate temperature (~200 °C) in
a standard RF glow discharge reactor. Moreover, a fine
tuning of the hydrogen flow rate allows one to produce
films with a thin and highly porous interface layer which
mimics the hydrogen layer produced by ion implantation
in the Smart Cut process [5]. In particular, a Hy flow rate
in the range of 3—10 sccm results in an interface layer
with a thickness of 6—9 nm and a void fraction of ~85%.
Note that the void fraction deduced from spectroscopic
ellipsometry is correlated with a high hydrogen content
(SIMS and exodiffusion results).

Figure 6 shows the process developed to produce thin
¢-Si films. The ¢-Si wafer is placed inside the PECVD re-
actor without any previous cleaning. The native SiOs is
etched by SiFy plasma [15] and the epitaxial ¢-Si film is
deposited using the optimized conditions described above
and in Section 3.1. The thickness of the film can be tai-
lored according to the deposition time (as shown in Fig. 5).
A chromium film of 150 nm is thermally evaporated on
the epitaxial film followed by a deposition of a thin film
of polymide by spin coating. A thermal annealing is per-
formed at 450 °C under vacuum for half an hour. Finally
the sample is cooled down and the vacuum is broken in
order to produce the peeling of the ¢-Si film on a flexible
substrate. This process allows to reuse the c-Si wafer, em-
ploying chemical polishing on the wafer surface, in order
to remove defects from the surface and to facilitate the
epitaxial grow.

Notice that the method presented above was per-
formed with the equipment and materials available on our
facilities. In fact any foreign substrate could be used for
the transfer of the thin ¢-Si film. The only requirement is
a strong adhesion between the foreign substrate and the
ultrathin ¢-Si film.

The process described above (Fig. 6) was used to
produce ultrathin crystalline silicon films as shown in Fig-
ure 7. The picture in the inset shows an ultrathin crys-
talline silicon film of ~1 cm? on the polyimide foil, af-
ter being detached from the c¢-Si substrate. The Raman
spectra of this ultrathin c-Si film (thickness of 0.5 pm)
corresponds to the characteristic peak of c-Si at around
520 cm~!. Its full width at half maximum is 5 cm™!,
which attests the high crystalline quality of the film, in
good agreement with the ellipsometry spectra measured
on the c-Si substrate before its detachment, from which a
¢-Si fraction of 95% was deduced.

This preliminary study, along with our previous work
where we have demonstrated that it is possible to grow
doped epitaxial films and to form a P/N junction at
175 °C, leading to a functioning solar cell [24], provides a

Fabrication of ultra thin c-Si films
Si0op

c-Si

I

1. Si05 etching with SiF4 plasma

c-Si

.

2.Epitaxial-Si deposition by plasma

c-Si
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3.150 nm Cr deposited by evaporation

c-Si
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4. Polymide cured at 280°C
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Fig. 6. (Color online) Schematic flow chart for the plasma
assisted growth of ultrathin epitaxial films and their transfer
to a polyimide support. Note that the maximum temperature
of the process is 450 °C.

new approach for producing ultra-thin ¢-Si solar cells with
thicknesses of a few microns.

4 Conclusions

We have developed a new process to produce ultra-thin
crystalline silicon substrates for low-cost microelectronic
and PV devices. Epitaxial films have been deposited on
(100) ¢-Si wafers at low temperature (200 °C) using a dry
process to first etch the native SiOs, and then, without
breaking the vacuum, a plasma deposition process using
SiF4-Ar-Hs mixtures. From the film characterization, we
observed that by optimizing the Hy/SiF, flow rate ratio
while using a high Ar dilution, it is possible to deposit
films with a c-Si fraction as high as 95% and having an
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Fig. 7. (Color online) Raman spectrum of an ultra-thin c-Si
film over a chromium/polyimide substrate. The left inset shows
the Im[e] spectra of the film grown on c-Si before its detach-
ment from the c-Si wafer while the right inset shows the sample
after being removed from the c-Si wafer.

interface layer thickness of up to 90 A, mainly composed of
hydrogen rich micro-cavities (~85%). This fragile interface
allows the separation of the epitaxial film from the crys-
talline silicon wafer by applying a thermal annealing step
at 450 °C. As a result, crystalline silicon films were suc-
cessfully obtained and transferred to chromium/polyimide
flexible substrates. Finally, films up to 1 gm thick could be
epitaxially grown without any decrease in their crystalline
fraction. This makes this process very promising for pro-
ducing ultra-thin c-Si substrates of tailored thickness for
micro-electronics and PV applications.
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